INTRODUCTION
Ground water is the source of drinking water for about 90 percent of Florida's residents. However, throughout much of Florida, aquifers that are tapped for public supply are vulnerable to contamination because they occur at relatively shallow depths and are overlain by materials that do not greatly impede downward movement of water. Recognizing this potential threat to the State's principal potable-water source, the Florida Department of Environmental Regulation (FDER) has developed a "unique aquifer" category within the State's ground water classification scheme and has promulgated regulations that include provisions for defining and delineating "protection zones" around public-supply wells and well fields tapping unconfined or leaky confined aquifers (Florida Department of Environmental Regulation, 1987) . These regulations prohibit or restrict certain activities having potential for contaminating the underlying ground water within a protection zone.
The FDER ground-water regulations (G-l Rule) require that the State map protection zones around existing public-supply wells and well fields. This mapping activity was undertaken in 1987 as part of a cooperative study between the U.S. Geological Survey and the FDER in the west-central Florida area consisting of Citrus, Hernando, Pasco, Hillsborough, and Pinellas Counties. Similar mapping in other areas of Florida is planned by FDER.
Purpose and Scope
This report evaluates the methodology used to define protection zones for public supply wells in westcentral Florida in accordance with the methods given in the FDER regulations (1987) . Hydrogeologic conditions at public-supply wells in west-central Florida are evaluated and calculations of the size of individual protection zones around each well or well field tapping unconfined or leaky confined parts of the Floridan aquifer system are presented. Public-supply wells in the west-central Florida area that are permitted an average daily withdrawal of 100,000 gallons or more are considered in this report.
Contained in the report is a map depicting the areas in which the Floridan aquifer system is under unconfined, leaky confined, or confined conditions. Other maps display the composite protection zone for selected well fields that contain wells having overlapping individual protection zones. Although composite protection zones were mapped for every instance of overlap, only selected samples are reproduced herein because of the perceived limited interest in each of the composite protection zone maps. Those not included are on file with FDER. Radii of circles encompassing the protection zone around individual wells with no overlapping protection zones are presented in tabular form along with pertinent location, construction, and withdrawal data for the wells.
The methodology used in delineating the protection zones is explained. Sources of hydrogeologic information used for making the needed calculations are described.
Study Area
The study area consists of five counties in westcentral Florida: Citrus, Hernando, Pasco, Hillsborough, and Pinellas ( fig. 1 ). These counties range from sparsely populated, predominantly rural counties, such as Citrus in the north, to densely populated urban areas such as Pinellas County in the south.
GENERAL HYDROGEOLOGY
The five-county study area in west-central Florida is underlain by Eocene and younger sediments that, in parts of the area, comprise three principal hydrogeologic units: a surficial aquifer, the Floridan aquifer system, and an intermediate confining unit (table 1) . 
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26' 25' Figure 1 . Location of the study area.
The surficial aquifer is present in all but the northern part of the study area. The surficial deposits that make up the surficial aquifer generally consist of sand, clayey sand, shell, and shelly marl. The combined thickness of these deposits ranges from nearly zero in the north, where surficial deposits are thin and discontinuous over large areas, to greater than 50 feet in southern parts of the study area (Wolansky and others, 1979) . Transmissivity of the surficial aquifer ranges from 205 to 1,800 ft2/d and is much less than that of the Floridan aquifer system (Ryder, 1985; Wolansky and Corral, 1985) .
The intermediate confining unit consists of clayey sand and clay of the Hawthorn Formation. Its thickness and composition is highly variable in the study area. In the northern part, it is generally not present, whereas in the southern part, it occurs throughout most of the area and becomes progressively thicker and less permeable to the south. In the extreme southern part of the study area (southern Hillsborough County), the intermediate confining unit thickens and sand and limestone beds within it constitute aquifers. Where the unit is an important source of water, such as south of the study area in Manatee and Sarasota Counties, it is known as the intermediate aquifer system. Within the study area, these aquifers are very limited in extent and no public-supply wells tap them there; therefore, they are not considered in this report.
The principal water-producing unit in the study area is the Floridan aquifer system. All large-capacity municipal wells in the study area are open to the Floridan. The Floridan aquifer system is a vertically continuous sequence of Tertiary age carbonate rocks of high permeability (table 1) that are hydraulically connected in varying degrees, and whose permeability is several orders of magnitude greater than that of rocks that bound the system above and below. The Floridan aquifer system includes units of late Paleocene to early Miocene age, but within the study area, the formations of interest include the Avon Park Formation, Ocala Limestone, Suwannee Limestone, and the Tampa Limestone of Eocene to early Miocene age. Definition of the Floridan aquifer system and its relation to Florida's other regional hydrogeologic units is given by Southeastern Geological Society Ad Hoc Committee on Florida Hydrostratigraphic Unit Definition (1986) . Miller (1986) presents a detailed geologic description of the Floridan, its component aquifers and confining units, and their relation to stratigraphic units throughout its geographic extent. The Floridan is referred to as an aquifer system because regionally it contains more than one distinct, highly permeable zone separated by a confining unit. In the study area, however, all municipal wells are open only to the upper part of the Floridan aquifer system referred to hereinafter as the Upper Floridan aquifer or the Floridan.
Transmissivities of the Upper Floridan aquifer in the study area range from 26,000 to more than 1 million ft /d from reported aquifer tests and model analysis (Hutchinson, 1984; Ryder, 1985; Wolansky and Corral, 1985) .
The flow system of the Upper Floridan aquifer is deducible from the potentiometric surface map in figure 2. Water flows from areas of high potential in central Florida (Polk and Lake Counties), and local potentiometric-surface highs, such as the one in Pasco County, westward toward the coast. Natural discharge is to rivers and streams, such as the Hillsborough and Withlacoochee Rivers, to springs which are prevalent in the coastal areas of Citrus and Hernando Counties, to the overlying surficial aquifer, and to the Gulf of Mexico and Tampa Bay. Hydraulic gradients average about 3 ft/mi or 0.0006 ft/ft. In the northern half of the study area, the potentiometric surface of the Floridan aquifer system is little changed from predevelopment times ( fig. 3) despite the large ground-water withdrawals from the area. In the southern half where the Floridan is confined, the potentiometric surface has declined over most of the area because of large ground-water withdrawals, mainly for agriculture and phosphate mining.
METHODOLOGY FOR DELINEATING PROTECTION ZONES
Protection zones were delineated according to criteria and methods in the FDER regulations (G-l Rule), insofar as they were prescribed. The delineation of protection zones is a multistep process (fig. 4) . The first step consists of determining whether the aquifer under consideration is unconfined, confined, or leaky confined. If unconfined, protection zones are required and the zone's size is calculated according to the method described later. If confined, protection zones beyond the inner zone of 200 feet radius that applies to all public-supply wells are not required and no further work is done. If leaky confined conditions are thought to occur, a calculation is made to determine average travel time for water to move vertically from the water table downward to the top of the aquifer. If the travel time is computed as 5 years or less, the aquifer is judged to be leaky confined (per FDER regulations) and a protection zone is required; its size is calculated similarly to that for the unconfined condition. If the travel time is greater than 5 years, the aquifer is considered confined and no protectionzone calculation is made.
The calculation of the size of protection zone required is performed first on an individual well basis and the area determined is simply circumscribed uniformly around the well. If the individual circumscribed zones overlap, the area of overlap is determined and distributed around the nonoverlapping parts of the individual zones. Where a number of wells are involved, such as in some of the large well fields, a composite protection zone is determined and distributed around the wells in the well field as described later. Figure 2 . Potentiometric surface of the Upper Floridan aquifer, 1976 . (From Ryder, 1985 Determination of Unconfined, Leaky Confined, and Confined Areas A number of sources of information were used to determine where the Upper Floridan aquifer is unconfined, leaky confined, or confined (Buono and Rutledge, 1979; Buono and others, 1979; Ryder, 1985; Miller, 1986 ; and an unpublished map dated March 1985 prepared by the Southwest Florida Water Management District). Extent of the areas where these conditions occur in the west-central Florida study area is shown in figure 5 . The unconfined/leaky confined boundary was determined using a combination of the references noted above. The leaky confined/confined boundary was generalized from the line where leakance of the confining unit overlying the Upper Floridan was less than IxlO*4 ft/d/ft, as shown by Ryder (1985, p. 16) . Leakance is the vertical hydraulic conductivity of the confining bed divided by its thickness and can be expressed as KZ/£ . A leakance value of IxlO"4 ft/d/ft, coupled with typical vertical head gradients prevalent in the confined area, results in vertical travel time calculations of much greater than 5 years. Therefore, it was considered a reasonable threshold value for bounding the area where the degree of confinement was such as to preclude the need to make site by site calculations of vertical travel time.
Calculation of Vertical Travel Time
The average vertical travel time for a particle of water to travel from the water table to the top of the Upper Floridan aquifer was computed for all wells or well fields in the area mapped as leaky confined. If the travel time at a particular well, or anywhere within a designated well field, was less than or equal to 5 years, the confining unit was considered to be sufficiently leaky to require that a protection zone be calculated. If the travel time was greater than 5 years throughout the well field, the confining unit was not considered to be leaky, as defined in the FDER regulation, and no protection zone was calculated.
Vertical travel time was calculated using the formulae specified in the FDER regulation (Florida Department of Environmental Regulation, 1987) which when combined yield:
(1) K Ah z n = equivalent effective porosity of deposits between water Stewart (1968) , Buono and Rutledge (1979) , and well logs. The equivalent vertical hydraulic conductivity, Kz, is calculated by taking into account the individual vertical hydraulic conductivity and thickness of each layer of material between the water table and the top of the Upper Floridan aquifer. Mathematically, this can be expressed as (Freeze and Cherry, 1979, p. 34 However, it can be shown that in the case of two layers surficial aquifer underlain by a confining unit the leakance of the two layers, which equals the equivalent vertical hydraulic conductivity divided by the surficial aquifer-confining unit thickness, approximates the leakance of the confining unit, which equals the vertical hydraulic conductivity of the confining unit divided by its thickness, where the confining unit conductivity is much smaller than the vertical hydraulic conductivity of the surficial aquifer, and the thickness of the surficial aquifer is not significantly greater than that of the confining unit. Therefore, for the surficial aquifer and confining unit materials extant in the study area, primarily sand and clay, respectively, it is reasonable to estimate their equivalent vertical hydraulic conductivity and thickness by considering only the hydraulic conductivity and thickness of the confining unit. 82 C
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28' 27' Ryder (1985) Figure 3 . Estimated potentiometric surface of the Upper Floridan aquifer prior to development (modified from Johnston and others, 1980) . (From Ryder, 1985, fig. 17 .) Data utilized for computing vertical travel times for the well fields were derived from a number of sources. Floridan heads and water-table altitudes were derived from Ryder and Mills (1977) , Yobbi and others (1980) , Yobbi and Woodham (1981) , and Barr (1982) , for times when the well fields were pumping near their average permitted withdrawal rates. No water-level maps were available for the Cross Bar Ranch and Starkey well fields for a period when they were pumping near their average permitted withdrawal rates. A model-simulated head difference from Hutchinson (1985) was used at the Cross Bar Ranch well field. Head difference was calculated for Starkey using analytical methods (Jacob, 1945; combined with May 1982 water levels. The equivalent hydraulic conductivity was determined from model analyses of Hutchinson (1984) and Ryder (1985) and from aquifer tests for which confining bed characteristics were calculated (Wolansky and Corral, 1985) . Data from wells in the leakiest part of the well field were used for the vertical calculation for each well field. The rationale was that if any well in a dense grouping of wells, such as in a well field, needed a protection zone, then all wells in that well field should be protected.
The location of the major well fields in the study area is shown in figure 6 . The data utilized and the results of the vertical travel-time calculations for the 11 well fields located in the leaky confined part of the study area are listed in table 2. Eight of the eleven well Barr (1982) and Barr and Schiner (1982) . Water-table altitudes were derived from Barr (1982) and estimated from topographic maps outside the area Barr mapped. Because of the wide contour spacing and topographic relief in some areas of Barr's map, all interpolated water levels were checked against land surface and water features on U.S. Geological Survey 7-1/2-minute topographic maps and adjusted where necessary. The leakance of the confining unit overlying the Floridan, derived from Hutchinson (1984) and Ryder (1985) , was substituted for KZ/£ in equation (1), as explained previously. (Buono and Rutledge, 1979) . m -Thickness of Upper Floridan aquifer at well site (Miller, 1982) . T -Transmissivity, in feet squared per day, of Upper Floridan aquifer at well site (Hutchinson, 1984) . Values of transmissivity outside Hutchinson's model area are from Ryder (1985) . h -Thickness of Upper Floridan aquifer, in feet, penetrated by the well (well depth- [Lsd-Fl] ). WT -Altitude of the water table, in feet above sea level, at the well site, May 1982 (Barr, 1982) . Because of the topographic relief and wide spacing of contours in some areas, interpolated water-table altitudes were checked against topographic maps and adjusted where necessary. Water-table altitudes outside the map area were estimated from USGS 7%-minute topographic maps. Pot -Altitude of the potentiometric surface of the Upper Floridan aquifer, in feet above sea level, at the well site, May 1982 (Barr, 1982; Barr and Schiner, 1982) . £ -Drawdown of the potentiometric surface, in feet, after one day pumping at the rate shown under "Av.Q", in gallons per day, calculated by the modified nonequillibrium formula (Cooper and Jacob, 19A6, cited in Lohman, 1972, p. 19 
The argument for cosine is in radians. Tabulated values of s(K) are truncated to integers. Ah -Difference in water-level altitude between the water table (WT) and the potentiometric surface (pot) minus
water table to top of Upper Floridan aquifer (WT-F1).
Leak -Leakance of the confining unit overlying the Upper Floridan aquifer, (Hutchinson, 1984) , in feet per day per foot (ft/d/ft), or, in the case of two confining units, the equivalent leakance of both units. Values of leakance outside Hutchinson's model area are from Ryder (1985) . Leakance equals vertical hydraulic conductivity divided by thickness.
v -Calculated vertical travel time, in days, 0.2 The value of Ah was increased by 5 feet, as (leak)(Ah+5r explained on page 16, because of the approximate nature of the water table and potentiometric surface maps. ">1,825 days" means that calculated vertical travel time at the well site is greater than 5 years, even if a corrected drawdown is applied for only 5 percent penetration of the Floridan.
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where s = drawdown in a hypothetical fully penetrating well, in feet; s(K) = drawdown in the partially penetrating well, in feet; p = fraction of the aquifer penetrated, expressed as a decimal; rw = radius of the well, in feet; m = aquifer thickness, in feet; and the argument for cosine is in radians.
The corrected drawdown was subtracted from the altitude of the Floridan potentiometric surface, which was determined from potentiometric-surface maps, and the resulting value was subtracted from the altitude of the water table to obtain the estimated head difference (Ah) under pumping conditions, as shown in table 3. The value of Ah was increased by 5 feet, or half of a contour interval on the potentiometric surface and water-table maps, in order to compensate for the approximate nature of the maps. The head difference, Ah, and other hydraulic parameters previously determined were then used to determine vertical travel times using equation 1. For each well having a vertical travel time of 5 years or less, the radius of the required protection zone was calculated. Radii of the protection zones for these wells are listed in table 3.
Calculation of Protection Zones for Individual Wells
The protection zone around an individual well is a circle with the center of the circle at the well. The radius of the protection zone for each individual public-supply well with an average permitted withdrawal rate of 100,000 gallons or greater per day, or a well that is part of a well field with an average permitted withdrawal rate of 100,000 gallons or greater per day, was computed using the FDER formula (Florida Department of Environmental Regulation, 1987):
*hn where r = radius of individual zone of protection; th = horizontal travel time to well 5 years (1,825 days); n = effective porosity of the Upper Floridan aquifer = 0.05, as specified in the FDER regulation; n = 3.14; Q = average permitted withdrawal rate for the well, in cubic feet per day, and h = average thickness of the Upper Floridan aquifer penetrated by the well, in feet.
The thickness of the Upper Floridan aquifer interval penetrated was determined for unconfined areas by subtracting the depth to water in the Upper Floridan aquifer from the depth of the well. The depth of the well was obtained from SWFWMD files. The depth to water was determined using a multicounty water-level altitude map with a contour interval of 10 feet (Barr, 1985a) and land-surface altitudes from topographic maps having 5-to 10-foot contour intervals. In areas where the Floridan aquifer is leaky confined, the thickness was determined by subtracting the depth to the top of the Floridan from the well depth. The depth to the top of the Floridan was determined either by using maps of the top of the aquifer (Stewart, 1968; Buono and Rutledge, 1979) or from well-field reports (Ryder, 1978; Ryder and others, 1980; Hutchinson, 1985) and land surface from topographic maps. The permitted withdrawal rates were obtained from SWFWMD permit files dated February 2,1987. In all cases, map data were derived from the locations determined from SWFWMD latitude-longitude coordinates for each public-supply well.
The result of this calculation is the radius of a circle around each permitted well that describes the zone of protection for that well. The computed protection zone radii and the data used in the calculations for the unconfined areas of Citrus, Hernando, and Pasco Counties are shown in table 4. Similar information for individual wells included in the major well fields in leaky confined areas with vertical travel times of less than 5 years is shown in table 5. The tabulated radius and location may be used to delineate the protection zone on a map of any scale.
Calculation of Protection Zones for Well Fields
The circles delineating individual protection zones overlap in some cases. Because the formula is based on a volumetric displacement concept, overlapping protection zones underestimate the amount of protection required by an amount equal to the area of the overlap.
The procedure used to determine zones of protection around individual wells with overlapping zones was to add the areas of the overlapping zones together to determine a composite protection-zone area. In some cases, groups of wells were permitted together at a withdrawal rate less than the sum of the permitted rates of the individual wells. Such groups of wells with overlapping zones were treated the same as well fields. For well fields, a composite area for the protection zone was determined using a formula analogous to that used to calculate the radius of protection: (5) hn where A = area of well field zone of protection, in square feet; th = horizontal travel time to well 5 years (1,825 days); n = effective porosity of the Upper Floridan aquifer = 0.05, as specified in the FDER regulation; Q = average permitted withdrawal rate for the well field, in cubic feet per day, and h = average thickness of the Upper Floridan aquifer penetrated in the well field, in feet. These areas were delineated on a map of each well field, or on a quadrangle sheet for individual wells with overlapping zones, in a shape that approximated the configuration of wells in the field. This was done by successive approximation until the designated area was within 5 percent of the calculated area. In all cases, the boundary of the composite protection zone was equal to or outside the boundary of the protection zone for each individual well. If a composite protection zone overlapped protection zones of additional wells, those areas were added to the total and the zone was recomputed.
Well fields with composite protection zones are designated in table 6. Selected well field zones are individually mapped in plates 1-3. Individual wells with overlapping zones, thus requiring composite zones, are noted in table 7 and selected ones are mapped in figures 7-9. Maps showing composite protection zones for other wells or well fields are on file with FDER.
This method of delineating composite protection zones, as with any procedure, creates some anomalous situations. A good example is the Morris Bridge well field (pi. 3). The permitted well field pumping rate for Morris Bridge of 15.5 Mgal/d is not only considerably less than the sum of the permitted rates for the individual wells in the field (21.9 Mgal/d), but yields an area less than the area formed by the outside boundary of the intersecting circles which is by rule the boundary of the protection zone (pi. 3). This zone of protection, however, does not include some area in the center of the well field which would seem to be logically included because water cannot flow there except through the zone of protection. An alternative composite zone of protection was delineated for illustrative purposes by assigning the calculated area outside of a perimeter formed by connecting all of the outermost wells in the field. This zone is more conservative and includes all of the interior areas excluded by the rule method. 125,000 100,000 100,000 100 100,000 100 100,000 100 100,000 50 100,000 100 100,000 90 100,000 105 100,000 95 100,000 93 100,000 100 100,000 100 100,000 100 100,000 100 100,000 100 100,000 100 100,000 100 100,000 100 440,000 300 Buono and Rutledge (1978) and Stewart (1968) -Eldridge-Wilde, East Lake Road, south Fasco, Section 21, and Cosme-Odessa. Lsd -Altitude of land surface, in feet above sea level, from USGS 7%-minute topographic maps at latitude and longitude given, h -Thickness of Upper Floridan aquifer penetrated, in feet, h -Well depth -(Lsd-Fl). r -Radius of protection zone of the well, rounded to the nearest 10 feet, r -7 AB wh » n * °-05 for the Upper Floridan aquifer.
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in tables 4 and 5 . ) Tot.Q -Permitted average pumping rate, in gallons per day, for public-supply use for the group of wells equal to or less than the sum or Av.Q of the individual wells. Avg. h -Average penetration, in feet, of saturated Upper Floridan aquifer. Given only for groups of wells whose Tot.Q is less than the sum of Av.Q of the individual wells. (From data in tables 4 and 5.) Total area -For those groups whose Tot.Q -sum, Av.Q, total area -sum, area of each individual well. For those groups whose Tot.Q is less than the sum of Av.Q's, total area -(^sUAv^Mn' n " °' 05 for fche UPPer Floridan aquifer. * -calculated area is less than the individual well areas shown on the indicated figure. ** -included with Starkey well field ( fig. 9 ). Quad -Name of U.S. Geological Survey 7%-minute topographic map on which the wells are located. 1,010, 7,160, 4,530, 4,290, 23,020, 7,090, 7,090, 7,090, 16,790, 19,960, 7 , 960 , 13 , 860 , 9,200, 5,300, 10,070, 8,130, 4,370, 5,570 2,680, 10,610, 7,250, 9,690, 6,580, 4,820, 5,530, 4,050, 4,460, 3,460, 3,060, 5,820, 5,590, 5,080, 5,310, 35,360, 16,080, 15,740, 15,920, 15,870, 16, T.27S.
1,000 2,000 3,000 4,000 5,000 FEET 500 1,000
1,500 METERS Figure 9 . Composite protection zones for some wells of the West Coast Regional Water Supply Authority, Hillsborough County.
EVALUATION OF METHODOLOGY FOR DELINEATING PROTECTION ZONES
Basis of the Volumetric Equation
The volumetric equation used in delineating the protection zones is based on a simplification of the ground-water flowfield around a pumping well. The flowfield is conceptualized as one of uniform radial flow toward the pumping well emanating from distances far beyond the anticipated "protection-zone boundary." Only lateral flow is presumed and there are no incremental gains from storage, recharge, or leakage as the pumping well is approached. Accordingly, invoking the law of conservation of mass requires that the volume of water pumped from the well in a specified time be replaced by an equal volume flowing through a cylindrical face of the aquifer at a distance V from the well such that the volume of aquifer circumscribed by the cylinder contains the volume of water pumped. The model further presumes that a potential contaminant passing through the cylindrical face would be transported toward the well under advective "plug-flow" conditions only. Thus, the time required for a potential contaminant to enter the well from some distance "r" in the aquifer is simply a function of the amount of water in the cylinder of aquifer around the well that must be displaced.
Although appearing to be devoid of variables such as hydraulic conductivity or velocity and hydraulic gradient, the volumetric equation is derivable, as suggested by Mark T. Stewart (University of South Florida, written commun., December 16,1986) , from the radial form of Darcy's law: Q = K27rrhi (6) *-\ / where Q = rate of discharge, K = hydraulic conductivity, r = radial distance, h = aquifer thickness, and i = hydraulic gradient. Recognizing that average particle velocity, v, times porosity, n, is equal to Ki, then through substitution and rearrangement, v= Q and integrating from ti to t2; and substitution of r/t, where t = time, for v, differentiation of r with respect to t, and rearrangement yields Hydrologic Factors Influencing Applicability Potentiometric-Surface Slope Superposition of the drawdown from a pumping well producing from an aquifer that has a sloping potentiometric surface results in a nonradially symmetric flowfield around the well. As described by Todd (1980, p. 122) , the boundary of the contributing area extends downgradient to a stagnation point beyond which water is not drawn toward the pumping well. However, in the upgradient direction, the contributing area extends to a greater distance. The greater the slope of the potentiometric surface, the closer is the stagnation point in the downgradient direction and the greater the flowfield departs from being radially symmetrical.
As a result of the distortion from a radially symmetrical flowfield, application of the volumetric equation to a well pumping from an aquifer with a sloping potentiometric surface delineates a protection zone that may be overprotective in the downgradient direction and underprotective in the upgradient direction. The degree to which inappropriate areas are included within the delineated protection zones can be assessed by considering a range of gradients typical of the slope of the potentiometric surface in west-central Florida. From potentiometric-surface maps of the Upper Floridan aquifer (Barr, 1985b; Barr and Lewelling, 1986) , it is seen that the hydraulic gradient varies from near zero to a maximum of about 0.001. Table 8 compares the downgradient distance to the stagnation point with the radial distance calculated from the volumetric equation for typical pumping rates, aquifer characteristics, and gradient extremes. For example, the stagnation point where the transmissivity is 25,000 ft2/d and the horizontal gradient is 0.0001 is 8,500 feet Note: Stagnation point distance computed fromxL = . y . (Todd, 1980, p. 123) where XL = downgradient stagnation point distance from well, Q = pumping rate, K = aquifer hydraulic conductivity, m = aquifer thickness, and i = hydraulic gradient. Volumetric radial distance computed from equation 4 with h = 400 feet and n = 0.05. downgradient of a well pumping 1 Mgal/d. Because the stagnation point is farther from the well than is the radial distance (2,000 feet) calculated from the volumetric equation for typical conditions in the area, the calculated protection zone lies fully within the contributing area. In this case, the calculated zone is only slightly overprotective on the downgradient side. This results because the head gradient at any given radius from the well will be less on the downgradient side than on the upgradient side when the sloping potentiometric surface is considered. In cases where the stagnation point is closer to the well than the radial distance from the volumetric equation, the computed protection zone is more significantly overprotecting the area downgradient of the well, because water on the downgradient side of the stagnation point cannot flow to the well. Boundaries The conceptual model used as the basis for the volumetric equation assumes that the aquifer extends from the well to be protected in all directions to distances far beyond the boundaries of the protection zone and is not intersected by hydraulic boundaries. For leaky confined aquifers, that assumption is valid because the aquifer is isolated hydraulically to some degree from surface streams and lakes that would function as recharge boundaries. For unconfined aquifers, the presence of streams, lakes, or canals in the vicinity of a public-supply well would distort the flowfield around the well. If the surface-water source were in good hydraulic communication with the unconfined aquifer, it could function as a fully effective boundary that prevents the flowfield produced by the pumping well from spreading beyond the boundary. Therefore, if the protection zone calculated with the volumetric formula extends beyond the surface-water body, that part of the zone that falls beyond may be regarded as unnecessary protection. On the other hand, that part of the zone that falls beyond, if not regulated, could contribute contaminants to the surface-water body and thence indirectly to the publicsupply well through induced infiltration.
Porosity Variation Effective porosity is assumed to be uniform around the pumping well and not to vary from site to site. The radius calculated from the volumetric equation varies inversely with the square root of effective porosity. Accordingly, a 100 percent increase in the assigned effective porosity say from 0.05 to 0.10 results in a calculated radius that is 71 percent of the radius using 0.05. A 200 percent increase in effective porosity would result in a 42 percent decrease in radius.
Effective porosity refers to the amount of interconnected pore space available for fluid transmission (Lohman and others, 1972, p. 10) . Some aquifers are characterized by diffuse flow hi which water moves more or less uniformly throughout the interconnected pores distributed throughout the mass of the rock. Unconsolidated sand and sand and gravel aquifers fall into this category as does the Biscayne aquifer in general. Some consolidated rock aquifers, such as the Floridan, are characterized by conduit flow along irregularly distributed solution enlarged fractures in combination with diffuse flow through the much more uniformly distributed interconnected pores. In these aquifers, water tends to travel fastest through the fracture openings and thus contaminant movement is dominated by the porosity associated with the fracture openings, as shown schematically by Freeze and Cherry (1979, p. 411) and described by Gilham and others (1983, p. 23) . In contrast, the amount of porosity associated with fracture openings is much less than that of the pores; thus the effective porosity value of 0.05 assigned to the Floridan in the FDER regulation is much less than that assigned to the other aquifers that possess diffuse-flow characteristics. However, the assigned porosity value is simply a judgment and is not based on specific measurements of fracture porosity, because fracture porosity is variable and extremely difficult to measure.
Thickness Determination The thickness-of-aquifer value used in the volumetric equation is prescribed as the distance between the top of the aquifer and the bottom of the well. As with porosity, the calculated radius of the protection zone varies inversely with the square root of the aquifer thickness. For example, if a well penetrated the Floridan aquifer system in the west-central Florida area to a depth of 400 feet, a not uncommon depth, but the overall thickness of the aquifer were 25 to 50 percent greater, then the calculated radius would be 12 to 25 percent greater from what it would be if the full aquifer thickness were used in the calculation.
SUMMARY
Numerous public-supply wells in west-central Florida tap the Floridan aquifer system. Because the Floridan is at or near land surface and unconfined to poorly confined over most of the area of northern Hillsborough and Pinellas Counties and Pasco, Hernando, and Citrus Counties, it is vulnerable to contamination from surface sources. A recent regulation of the Florida Department of Environmental Regulation (1987) calls for the delineation of protection zones around public-supply wells that tap such vulnerable aquifers. This report evaluates the conditions of confinement of the Upper Floridan aquifer at each of the public-supply well sites and it defines protection zones where required in accordance with the FDER regulation.
Vulnerability was assessed by delineating areas where the Floridan aquifer system is unconfined, leaky confined, or confined. Leaky confined areas were evaluated to determine vertical travel time through overlying material to the Floridan. Protection zones were calculated for wells and well fields of greater than 100,000 gallons per day permitted use in unconfined areas and hi leaky confined areas with less than 5-year vertical travel time from the water table to the top of the Floridan. Protection zones were delineated using a volumetric displacement model derivable from Darcy's Law. Where zones of individual wells did not overlap, radii of circles of appropriate area around individual wells were tabulated. Where zones overlapped, composite areas were determined and composite protection zones were delineated in shapes that were appropriate for each configuration of wells with overlapping zones.
The report evaluates the effects of various hydrogeologic factors on the size and/or shape of the protection zones delineated in accordance with the FDER regulations. The natural slope of the potentiometric surface, hydrologic boundaries, porosity variations, and differences in total aquifer thickness from that penetrated by the public-supply well all cause the delineated protection zone to depart, in varying degree, from the actual 5-year travel-tune threshold boundary.
